Summary. Background: During the Fall of 2014, numerous children were hospitalized with asthma or respiratory distress related to Enterovirus D68 . A large proportion initially tested positive for rhinovirus. During this period our laboratory noted a cross-reactivity between EV-D68 and the rhinovirus component of the GenMark multiplex respiratory viral panel. Many other laboratories used assays not designed to distinguish these Picornoviridae. Methods: To compare the presentation and outcomes of patients with rhinovirus and EV-D68, 103 GenMark rhinovirus positive nasopharyngeal swabs from hospitalized children were retested for EV-D68. Results: EV-D68 positive patients versus EV-D68 negative patients were more likely to have a history of asthma (33.3% vs. 11.0%, P ¼ 0.02) and to present with acute respiratory illness (66.7% vs. 40.2%, P ¼ 0.048), especially status asthmaticus (47.6% vs. 2.4%, P < 0.001). On admission they had more wheezing, respiratory distress, and lower respiratory tract involvement, and were more likely to be treated with steroids and discharged home on asthma medications. Respiratory viral coinfection was less common in EV-D68 positive vs EV-D68 negative patients. In patients without a respiratory viral coinfection the overall findings were similar. Conclusion: Patients with EV-D68 versus rhinovirus were more likely to have a history of asthma, to present with status asthmaticus, to wheeze on admission, and to receive treatment with asthma medications in hospital and at discharge. The inability of common assays to distinguish EV-D68 from rhinoviruses raises the possibility that the role of EV-D68 as a viral trigger of asthma has been under appreciated.
INTRODUCTION
In the Fall of 2014, numerous children were hospitalized in the United States with severe lower respiratory symptoms and asthma. A large proportion of these tested positive for rhinovirus. 1, 2 During this period our laboratory, and others, noted a previously undocumented crossreactivity between EV-D68 and the rhinovirus component of the GenMark multiplex respiratory viral panel. 3 In addition, the real-time reverse transcriptase polymerase chain reaction (rRT-PCR) assays that are used by many hospitals to detect rhinovirus or enterovirus are not designed to distinguish between these closely related Picornaviridae. In this study, we screened a collection of GenMark rhinovirus positive nasopharyngeal swabs for EV-D68 using a specific rRT-PCR assay and investigated the clinical outcomes of children positive for rhinovirus compared to EV-D68.
Respiratory viruses are detected in up to 85% of children with asthma exacerbations, and rhinoviruses account for approximately two-thirds. 4 Infants who develop virus-induced wheezing may be at increased risk for subsequent asthma, and once asthma has established rhinoviruses may be the most common trigger of acute exacerbations. Human rhinoviruses are diverse and the epidemiology is complex, with over 150 distinct strains divided in to three major groups A, B and C. 4 The inability of common assays to distinguish EV-D68 from rhinoviruses raises the possibility that the role of EV-D68 as a viral trigger of asthma has been under appreciated. Moreover, with the abrupt emergence in the Fall of 2014 of epidemic asthma associated with EV-D68, questions were raised as to whether EV-D68 might contribute to the well-documented seasonal surge in asthma admissions. 2 Using banked samples collected over a 16 month period from hospitalized children who underwent multiplex respiratory viral testing, we compared the clinical manifestations and discharge outcomes of patients who tested positive for EV-D68 to those who tested positive for rhinovirus.
METHODS
A retrospective chart review was performed on 103 pediatric patients (age <18 years) admitted to Cleveland Clinic Children's main hospital between December 2013 and March 2015 who underwent multiplex respiratory viral testing (eSensor 1 , GenMark Diagnostics) during their admission and tested positive for rhinovirus. The multiplex assay screens for the following respiratory viruses: influenza (A, A H1, A H3, A 2009 H1N1, and B), respiratory syncytial virus (A and B), parainfluenza virus (1, 2, and 3), human metapneumovirus, human rhinovirus, and adenovirus (B/E and C). Children admitted to our inpatient units routinely undergo respiratory viral testing for diagnostic or epidemiologic management if they present with or develop respiratory symptoms suggestive of a viral respiratory infection. The population included both children who presented primarily for respiratory symptoms and children in hospital for non-respiratory illnesses, such as cancer or organ transplant, who developed respiratory symptoms. The decision to perform respiratory testing was made by the clinical care team. Approval for the study and to perform additional testing for EV-D68 on banked residual specimen was provided by the Cleveland Clinic's Institutional Review Board.
Available, banked residual nasopharyngeal swab samples were tested in a blinded manner for EV-D68 on a BioRad CFX thermal cycler using a highly EV-D68 specific rRT-PCR primer set developed by Wylie et al. 6 RNA-extraction was performed using the QIAmp Viral RNA Mini kit on a QiaCube automated nucleic acid extractor (QIAGEN, Valencia, CA).
Positive controls for EV-D68 (VR-1197) and human rhinovirus 1B (VR-1645) were purchased from American Type Culture Collection (ATCC, Manassas, VA) and were extracted from in vitro H1-HeLa cell (CRL-1958, ATCC) cultures.
The EV-D68 assay established in our laboratory was validated by sending 31 samples to the CDC for EV-D68 testing by their rRT-PCR assay and for direct sequencing of the enterovirus VP1 gene. 5 The samples sent to the CDC included 25 that had tested positive in our laboratory for EV-D68 and six that had tested negative. In total, 10 of the EV-D68 positive samples sent to the CDC for validation were from patients included in this study. The 21 additional samples did not meet this study's inclusion criteria because they were obtained on non-pediatric or non-hospitalized patients or the GenMark multiplex RVP was not performed. Four samples from this study were tested by the Ohio Department of Health using the CDC's rRT-PCR assay.
The chart review was performed by physicians blinded to EV-D68 test results. History of asthma or wheezing was obtained through review of past medical history as documented in admission and discharge notes, and was considered positive if there was a stated history of asthma, wheezing, or asthma medication use. Asthma medication use was defined as positive if specific documentation was present in the admission or discharge note, or in the inpatient or outpatient electronic medication record, for use of bronchodilators, corticosteroids, or leukotriene inhibitors. Admission diagnoses were grouped in to broad categories reflecting the primary reason for admission. Patients admitted for an acute respiratory process were further classified according to whether the admitting team felt the child had status asthmaticus, bronchiolitis, croup, pneumonia, or undefined respiratory distress.
Statistical analyses were performed using JMP 1 Pro 10 (SAS Institute Inc., Cary, NC). Fisher's exact test was used to compare groups on categorical variables and unpaired Student's t-test was used to compare groups on continuous variables. A significance criterion of 0.05 was used for all tests. Due to the exploratory nature of the study, corrections for multiple comparisons were not performed.
RESULTS
For the 31 samples sent to the CDC for EV-D68 testing and sequencing, there was 100% agreement between the results obtained in our laboratory and at the CDC (25 EV-D68 positive; six EV-D68 negative). The six EV-D68 negative specimens were identified by sequencing as Enterovirus 18, Coxsackievirus B2, Coxsackievirus A6, human Rhinovirus-A10, and human Rhinovirus-C. Of 17 EV-D68 positive tests where the GenMark RVP was performed, in each case sequencing confirmed the crossreactivity with rhinovirus. We compared asthma related presentation and discharge outcomes in the full cohort of 103 patients, which included 21 patients with EV-D68, and 82 patients with rhinovirus (Fig. 1) . Respiratory viral coinfection was common, especially among patients testing positive for rhinovirus, so a subanalysis was performed in the cohort of patients with no evidence of a respiratory viral coinfection, which included 19 patients with EV-D68 and 47 patients with rhinovirus.
Of the 103 patients all initially testing positive for rhinovirus on the GenMark eSensor 1 multiplex respiratory viral panel, 21 (20.4%) were EV-D68 positive and 82 (79.6%) were EV-D68 negative (Table 1 , Full Cohort). All but three of the EV-D68 positive samples were isolated during the last 3 weeks of September 2014; the three additional positive samples were isolated over the subsequent 4 months. Compared to EV-D68 negative patients, EV-D68 positive patients were more likely to have a past history of asthma (33.3% vs. 11.0%, P ¼ 0.02) or eczema (14.3 vs. 1.2%, P ¼ 0.03). The frequency of chronic heart and lung disease or conditions resulting in immune compromise did not differ between the two groups. Patients positive for EV-D68 were more likely to have a documented history of leukotriene receptor antagonist (9.5% vs. 0%, P ¼ 0.04) use, but the documented use of bronchodilators (61.9% vs. 41.5%, P ¼ 0.14), inhaled steroids (28.6% vs. 17.1%, P ¼ 0.35), oral steroids (23.8% vs. 10.9%, P ¼ 0.15), antihistamine (14.3% vs. 2.4%, P ¼ 0.056), and asthma medication overall (61.9% vs. 42.7%, P ¼ 0.14) did not differ.
The primary reason for hospital admission among both EV-D68 positive and negative patients was for an acute respiratory process (66.7% vs. 40.2%, P ¼ 0.048). EV-D68 positive patients were more likely to present with status asthmaticus (47.6% vs. 2.4%, P < 0.001). The proportion of EV-D68 positive vs negative patients with a primary diagnosis of bronchiolitis, croup, pneumonia, or respiratory distress did not differ or was under powered to demonstrate a difference.
Upon admission EV-D68 positive patients had more wheezing (52.4% vs. 24.4%, P ¼ 0.02) and respiratory distress (90.5% vs. 61.0%, P ¼ 0.02). In hospital, EV-D68 positive patients were more likely to have lower respiratory involvement (85.7% vs. 53.7%, P ¼ 0.01) Fig. 1 . Hospitalized children testing positive for rhinovirus on a multiplex respiratory viral panel were screened for enterovirus D68 and stratified according to presence of viral coinfection. Children admitted to the hospital between December 2013 and March 2015 were screened for respiratory viral infections and banked samples that initially tested positive for rhinovirus were retrospectively tested for the presence of EV-D68. The multiplex respiratory viral panel used for screening did not distinguish between rhinovirus and EV-D68, as there was cross-reactivity. The full cohort (Table 1 , Full Cohort) consists of 21 patients with EV-D68 and 82 patients with rhinovirus. Viral coinfection was detected by the multiplex panel, and was more common among patients with rhinovirus compared to patients with EV-D68 (42.7% vs. 9.5%, P ¼ 0.005). A subanalysis was performed using only the 19 EV-D68 and 47 rhinovirus samples without evidence of viral coinfection ( Respiratory viral coinfection was more common in the EV-D68 negative group compared to the EV-D68 positive group (42.7% vs. 9.5%, P ¼ 0.005). However, when a sub-analysis was performed that included only patients without a documented respiratory virus the overall findings were similar (Table 1 , No Coinfection).
CONCLUSION
Epidemiologic data suggest that rhinoviruses are an important viral cause of seasonal asthma in children, however assays used in clinical and research laboratories to detect rhinoviruses typically fail to distinguish EV-D68. 3, 4, 6 We used a specific rRT-PCR assay for EV-D68 to distinguish those patients infected with EV-D68 from those patients infected with rhinovirus, and performed a retrospective survey of asthma-related history, symptoms, and treatment. The survey included 103 children admitted to our main hospital who initially tested positive for rhinovirus on a multiplex assay that did not distinguish EV-D68, and spanned a 16 month period that included the EV-D68 epidemic that occurred in the Fall of 2014. EV-D68 positive patients were compared to rhinovirus positive EV-D68 negative patients and were more likely to have a history of asthma or eczema, to have wheezing and respiratory distress on admission, to have status asthmaticus as their admission diagnosis, and to receive treatment with asthma medication in hospital and at discharge.
Our finding that respiratory viral coinfections were rare among EV-D68 positive patients suggests a direct role for EV-D68 in these patients' asthma related symptoms. In contrast, coinfection with another respiratory virus was common in patients with rhinovirus. This suggests that among hospitalized patients rhinoviruses may sometimes be asymptomatic bystanders. Indeed, while rhinovirus infections in young children are typically symptomatic, among college students asymptomatic infections outnumber symptomatic infections four to one. 7, 8 In a subanalysis excluding patients with a respiratory viral coinfection, the overall conclusions of our study were unchanged; EV-D68 positive patients were more likely to have a documented history of asthma, to present with status asthmaticus, and were more likely during the index admission to receive asthma medications in hospital and at discharge. Our study differs from a similar study out of St. Louis, in that we explored the role of respiratory viral coinfection. 9 With the abrupt emergence in the Fall of 2014 of epidemic asthma associated with EV-D68, questions were raised as to whether EV-D68 might contribute to the well-documented seasonal surge in asthma admissions. 2 While the possibility of a seasonal pattern exists, in our study EV-D68 was not observed either in the 9 months before the EV-D68 outbreak or in samples obtained after January 10, 2015, suggesting limited circulation outside of the outbreak period.
To better define the role of EV-D68 and rhinovirus in epidemic asthma, longitudinal studies that use EV-D68 analysis are necessary. It will be of particular interest to investigate the role of specific respiratory viruses, including EV-D68 and specific strains of rhinovirus, as well as coinfection, in triggering asthma exacerbation, or in predisposing infants to subsequent wheezing.
